Abstract In this paper, an experimental study was performed on the effect induced by different strontium precursors in the growth processes and optical properties of strontium tungstate (SrWO 4 ) microcrystals synthesized by the co-precipitation method. The structural behavior was analyzed by means of X-ray diffractions, Rietveld refinements, Fourier transform (FT)-Raman, and FT-infrared spectroscopies. X-ray absorption near-edge structure spectra performed at the W-L 1 and L 3 edges revealed the first coordination shell around the tungsten atoms is composed of four oxygens, i.e., existence of tetrahedral [WO 4 ] clusters inside the SrWO 4 structure. Field emission scanning electron microscopy (FE-SEM) images showed the presence of pitch and longleaf pine cone-like SrWO 4 microcrystals for most of the strontium precursors employed in the synthesis. Based on these FE-SEM images, a hypothetical crystal growth mechanism was proposed to explain the origin of these microcrystals. The optical properties were investigated by ultraviolet-visible spectroscopy and photoluminescence (PL) measurements at room temperature. The different optical band gap values found for this material, depending on the type of strontium precursor, were correlated with the existence of intermediary energy levels within the forbidden region. Finally, PL profiles were associated to the degree of distortions in tetrahedral [WO 4 ] clusters.
Introduction
Strontium tungstate (SrWO 4 ) is an important material belonging to the scheelite class with excellent optical properties, especially for technological applications in solidstate lasers and stimulated Raman scattering [1, 2] . Basically, this tungstate has attracted the attention of the scientific community and technological areas because of its interesting physicochemical properties, mainly including blue-green phosphors [3] , photocatalytic activity for degradation of organic dyes [4, 5] , cathodoluminescence [6] , thermal expansion [7, 8] , luminescence [9, 10] , and so on.
Over the last few years, pure and doped SrWO 4 phase has been normally formed by solid-state reaction [11, 12] , Czochralski crystal growth [13, 14] , and flux evaporation [15] . These preparation methods usually require complex experimental procedures, sophisticated equipments, and rigorous synthesis conditions. Also, there is the probability of formation of deleterious phases, polydisperse particle size distribution, and uncontrolled morphology. Thus, new synthesis methods as electrochemical [16] , molten salt [17] , sonochemical [18] , mechanically assisted solution reaction [19] , chemical solution [20] , pulsed laser [21] , microemulsion [22] , solvothermal-mediated microemulsion [23] , hydrothermal [24] , microwave irradiation [25] , and microwave-hydrothermal [26] have been developed with the intention of minimizing these drawbacks.
In materials science, there is a particular interest in the development of simple synthetic routes with efficient control on the particle shapes and sizes at micro/nanoscale [27] . For example, Thongtem et al. [28] reported the synthesis of SrWO 4 nanoparticles using a microwave-assisted solvothermal route. In this study, these researchers analyzed the influence of pH condition, microwave power, and synthesis times in the formation of these nanoparticles.
In recent years, several researchers have employed SrWO 4 crystals as host matrix for the incorporation of trivalent rare earths (Eu 3? , Er 3? , Yb 3? , and Tb 3? ) [29] in order to apply in light emission diodes, anode material for lithium-ion batteries [30] , and catalyst to removal of toxic metal lead (II) from water [31] . On the other hand, scientific studies on the formation of SrWO 4 microcrystals by the co-precipitation method with different strontium precursor salts have not found in the literature.
Therefore, in this paper was analyzed the effect of different strontium precursors on the growth processes and optical properties of SrWO 4 microcrystals synthesized by the co-precipitation method at room temperature. These microcrystals were characterized by X-ray diffraction (XRD), Rietveld refinement, X-ray absorption near-edge structure (XANES), Fourier transform Raman (FT-Raman), Fourier transform infrared (FT-IR), ultraviolet-visible (UV-Vis) absorption spectroscopy, photoluminescence (PL) measurements, and field emission scanning electron microscopy (FE-SEM). A plausible growth mechanism for the formation of SrWO 4 microcrystals was proposed. Finally, PL properties were analyzed in terms of distortions in [WO 4 ] clusters, according with effect induced by the strontium precursor in the synthesis of SrWO 4 microcrystals. anions are electron pair donors (Lewis base). The reaction between these two species in solution at room temperature with different strontium salts resulted in the formation of SrWO 4 microcrystals, as shown in following equations: (1, 2) strontium acetate, (3, 4) strontium nitrate, and (5, 6) strontium chloride hexahydrate.
Experimental details Synthesis of SrWO 4 microcrystals
In order to increase the ionization rate of H 2 WO 4 , the pH solution was adjusted up to 10 by the addition of 6 mL of ammonium hydroxide [NH 4 OH] (30 % in NH 3 , Mallinckrodt). Thereafter, these aqueous solutions were stirred for 30 min at room temperature. After the co-precipitation reaction is completed, these systems were washed and centrifuged several times with deionized water to neutralize the pH (&7). Finally, the collected precipitates were dried in a lab oven at 60°C for some hours.
Characterizations of SrWO 4 microcrystals
The synthesized microcrystals were structurally characterized by X-ray diffraction (XRD) using a DMax/2500PC diffractometer (Rigaku, Japan). XRD patterns were obtained with Cu-Ka radiation in the 2h range from 10°to 90°, using a scanning speed of 2°/min. For Rietveld routines were adopted a 2h range from 10°to 110°with a scanning speed of 0.02°/s. The electronic and local atomic structures around tungsten (W) atoms were checked by X-ray absorption near-edge structure (XANES). W L 1,3 -edge XANES spectra were measured at the National Synchrotron Light Laboratory (LNLS) in Brazil, using the D04BXAFS1 beam line. XANES data were collected in transmission mode at room temperature with the samples deposited on polymeric membranes. These spectra were recorded for each sample using an energy step of 1.0 eV, before and after the edge, and 0.7 eV near the edge for W-L 1 and L 3 edge, respectively. The tungsten oxide (WO 3 ) (C99 %) purchase from Aldrich was employed as reference compound in these measurements. FT-Raman spectra were recorded by means of a RFS100 spectrophotometer (Bruker, Germany) equipped with a Nd:YAG laser (k = 1064 nm), operating at 100 mW. FT-IR spectra were performed in the range from 50 to 1200 cm -1 , using an Equinox 55 spectrometer (Bruker, Germany) in transmittance mode. The morphologies were analyzed using a Supra 35-VP FE-SEM (Carl Zeiss, Germany) operated at 15 kV. UV-Vis absorption were taken using a Cary 5G spectrophotometer (Varian, USA) in diffuse reflection mode. PL spectra were obtained with a Monospec 27 monochromator (Thermal Jarrel Ash, USA) coupled to a R446 photomultiplier (Hamamatsu Photonics, Japan). A krypton ion laser (Coherent Innova 200K, USA) (k = 350 nm) was used as excitation source. The incident laser beam power on the samples was kept at 14 mW. UVVis and PL measurements were taken three times for each sample to ensure the reliability of the results. In our study, all experimental measurements were performed at room temperature.
Results and discussion X-ray diffraction and Rietveld refinement analyses Figure 1 shows the XRD patterns of SrWO 4 microcrystals co-precipitated with different strontium precursors.
The diffraction peaks can be used to evaluate the structural order at long range or periodicity of the material. In our case, the intense and sharp peaks of SrWO 4 crystals co-precipitated at room temperature indicate a good crystallinity or periodicity at long range [32] . In Fig. 1a-c [33] . Figure 2a -c illustrates the Rietveld refinement plots of SrWO 4 microcrystals co-precipitated with different strontium precursors.
The Rietveld refinement is a method in which the profile intensities obtained from step-scanning measurements of solid samples allow to estimate an approximate structural model for the real structure [34] . In our study, the Rietveld refinements were performed using the general structure analysis system (GSAS) software package with the EXPGUI graphical interface [35] . The refined parameters were scale factor, background, shift lattice constants, profile half-width parameters (u, v, w), isotropic thermal parameters, strain anisotropy factor, atomic functional positions, bond lengths, and bond angles. The background was corrected using the Chebyshev polynomials of the first kind [36] . The diffraction peak profiles were better fitted by the Thompson-Cox-Hastings pseudo-Voigt (pVTCH) function [37] and asymmetry function described by Finger et al. [38] . The strain anisotropy was corrected by the phenomenological model described by Stephens [39] . The theoretical diffraction pattern was taken from ICSD card no. 155793 [33] , which is based on the SrWO 4 phase with scheelite-type tetragonal structure and space group I4 1 /a. The Rietveld refinements of SrWO 4 microcrystals are shown in Fig. 2a -c, which are in good agreement with XRD results illustrated in Fig. 1 . The obtained results from Rietveld refinements are listed in Table 1 .
In this table, the fitting parameters (R wp , R p , R Bragg , v 2 , and S) indicate a good agreement between refined and observed XRD patterns for SrWO 4 phase. The lattice parameter values, unit cell volume, atomic positions, and bond angles confirmed the SrWO 4 phase has a tetragonal structure. All refinements reported in our study are in good agreement with those previously published [40, 41] . Figure 3 illustrates the SrWO 4 structure modeled through the Diamond Crystal and Molecular Structure Visualization software [42] , using the lattice parameters and atomic positions obtained from Rietveld refinements as input data.
Structural representation of SrWO 4 crystals
SrWO 4 crystallizes in a tetragonal structure with space group I4 1 /a [43] . Chen et al. [44] described the tetragonal SrWO 4 structure constituted of four molecules per unit cell (Z = 4). Jia et al. [45] explained the A-sites related to strontium (Sr) atoms present point symmetry (S 4 ). Thus, SrWO 4 structure exhibits the Sr atoms bonded to eight 
XANES spectroscopy analyses
Figure 4a shows W L 1 -edge XANES spectra, (b) area of the W L 1 -edge peak, and (c) W L 3 -edge XANES spectra of SrWO 4 microcrystals co-precipitated with different strontium precursors, respectively.
According to the literature [46] [47] [48] , W L 1 -edge XANES spectrum is a powerful tool to provide any information on the coordination environment (tetrahedral, square-based pyramid, octahedral, etc.), oxidation state, and local geometry of tungsten atoms. A closer examination in Fig. 4a revealed the XANES spectra of SrWO 4 microcrystals present intense and narrow W-L 1 pre-edge absorption peaks (X) at around 12108 eV. This particular behavior is related to the existence of distorted tetrahedral [WO 4 ] clusters (Inset in Fig. 4a ) [49] . On the other hand, the spectrum of WO 3 (standard sample) exhibited a slight shoulder in this same energy region. Kuzmin and Purans [50] reported the W-L 1 pre-edge absorption peak (X) is originated by the electronic transitions from 2s(W) to 5d(W) ? 2p(O) orbitals. In other published studies [51] , these authors explained that these electronic transitions are all dipole forbidden in undistorted octahedral [WO 6 ] clusters (inversion center) and allowed in both distorted octahedral [WO 6 ] and tetrahedral [WO 4 ] clusters. Moreover, the intensity of the W-L 1 pre-edge absorption peak (X) is very sensitive and dependent on the degree of distortion in octahedral [WO 6 ] clusters relate to 5d(W) ? 2p(O) orbitals [52] . We calculate the area of the W-L 1 pre-edge peak to evaluate the effect of strontium precursors in the degree of distortion of [WO 4 ] clusters (order-disorder at short range) found in SrWO 4 microcrystals (Fig. 4b ). For this purpose was employed the 6 ] clusters). As a response to these differences in the coordination number, a slight shift in the respective positions of edge peak (Y) was detected between these samples in XANES spectra (& 10208 eV for SrWO 4 microcrystals (.) and &10210 eV for WO 3 powder (j)). The origin of this pre-edge peak at the W L 3 -edge is ascribed to the permitted dipole transition from 2p 3/2 (W) level to quasi-bound mixed state 5d(W) ? 2p(O) [55] . XANES spectra in our study of SrWO 4 microcrystals are in good agreement with those previously published on tungstates with scheelite-type tetragonal structure [56] .
FT-Raman and FT-IR spectroscopies analyses
According to group theory calculations, SrWO 4 microcrystals are able to present 26 different vibration modes (Eq. (7)) [57] : 
Degreniers et al. [59] reported the vibrational modes observed in Raman spectra of SrWO 4 can be classified into two groups: external and internal modes. The vibrational external modes are related to lattice phonon, which corresponds to the motion of [SrO 8 Figure 5 shows the FT-Raman spectra in the range from 50 to 1200 cm -1 of SrWO 4 microcrystals co-precipitated with different strontium precursors.
As can be observed in Fig. 5 , FT-Raman spectra revealed the presence of twelve Raman-active vibration modes. One B g mode was not detectable because of its low intensity. The literature [56] describes the Raman spectroscopy can be employed as a structural probe to investigate the degree of structural order-disorder at short range in ABO 4 materials. Based on this concept, Raman spectra consisting of sharp, intense, and well-defined vibration bands are commonly verified in solids with local structural order. This phenomenon was verified in all SrWO 4 microcrystals obtained at room temperature by the 4 ] clusters, and the presence of structural order-disorder in the lattice, in consequence of the preparation methods and their experimental conditions. Figure 6a , b shows FT-IR spectra in the range from 395 to 1000 cm -1 and from 1000 to 4000 cm -1 of SrWO 4 microcrystals, respectively.
In infrared spectra are expected 13 infrared vibrational modes (5A u ? 3B u ? 5E u ) for tungstates. However, 1A u and 1E u are acoustic vibrations, i.e., infrared-inactive modes, while the others 3B u are forbidden infrared modes. Therefore, only 8 infrared-active vibration modes remain, as presented in Eq. (9) [60] :
In our FT-IR spectra illustrated in Fig. 6a , only two of eight IR-active modes were verified. 3A u and 3E u modes may not have been detected due to limitations imposed by the FT-IR equipment. As was previously described, the tungstates with scheelite-type tetragonal structure have eight stretching and/or bending vibrational modes in their FT-IR spectra. In our spectra were verified no more than two modes (1(A u ) and 1(E u )), which were identified at specific positions in the spectra (Fig. 6a) 4 ] clusters. In Fig. 6b was verified other absorption bands in FT-IR spectra due to the presence of carbon dioxide (CO 2 ) and water (H 2 O) arising from the room atmosphere and humidity. The small band noted at 2500 cm -1 is due to m(C=O) stretching mode. The broad absorption band at 3400 cm -1 corresponds to O-H stretching vibrations of adsorbed water on the surface of SrWO 4 microcrystals. Figure 7a reveals the SrWO 4 microcrystals obtained with SrNO 3 precursor are basically formed of several nanocrystals governed by self-assembled process, resulting in pitch pine cone-like microcrystals [61] . FE-SEM images at high magnification (Fig. 7b) proved the SrWO 4 microcrystals are not dense and faceted structures. This behavior was related to significant amount of SrWO 4 nanocrystals that have not completely migrated from crystal surface to internal region of pitch pine cone-like microcrystals. These microcrystals have an average size of approximately 1.8 lm. In Fig. 7c was noted a mutual aggregation between pitch pine cone-like microcrystals in a chemical environment under basic pH conditions, leading to the growth of its lateral edges (longleaf pine cone-like microcrystals). The literature [62] have reported the growth of shuttle-like BaWO 4 structures in water and ethanol by means oriented attachment, which is related to assembled from several small primary nanoparticles. These same morphological shapes were identified for SrWO 4 microcrystals synthesized with Sr(CH 3 CO 2 ) 2 precursor (Fig. 7d-f) ; however, these microcrystals have an average size of approximately 2.2 lm. In Fig. 7g, 
FE-SEM image analyses

Growth mechanism of SrWO 4 crystals
Figure 8a-e illustrates a hypothetical growth mechanism of SrWO 4 microcrystals formed by the co-precipitation route at room temperature with different strontium precursors. Figure 8a shows the initial synthesis stage of SrWO 4 microcrystals by the co-precipitation reaction, which involves the solubilization in water of H 2 WO 4 and different strontium precursors, SrNO 3 , Sr(CH 3 CO 2 ) 2 , and SrCl 2 Á6H 2 O. The resulting solutions were placed in ultrasonic bath for 30 min to accelerate the co-precipitation rate. In the sequence, 6 mL of NH 4 ions, while the other positive charge is attracted by WO 2À 4 ions [63] . However, there is a strong electrostatic attraction between Sr 2? and WO 2À 4 ions, resulting in the formation of first SrWO 4 precipitates or nucleation seeds. After this interaction, instantaneously occurs the formation of first nucleation seeds (Fig. 8c) . These nuclei interact with other, forming the SrWO 4 nanocrystals (pine nut-like nanocrystals), which are able to grow via self-assembly mechanism (Fig. 8d) . Basically, in this type of growth mechanism, there is a spontaneous and mutual aggregation between nanocrystals by means of uncountable collision events (particle-particle interactions) followed by the coalescence of SrWO 4 nanocrystals. The growth and agglomeration of these nanocrystals promotes the origin of complex superstructures or large SrWO 4 microcrystals. It is important to highlight that the average yield (%) results for the formation of nanoparticles of each strontium precursor are correlated with their solubility product constants at 28°C/ 100 mL in water. On the other hand, when SrNO 3 , Sr(CH 3 CO 2 ) 2 , and SrCl 2 Á6H 2 O precursors were used in the co-precipitation synthesis, there is the formation of pitch and longleaf pine cone-like SrWO 4 microcrystals (Fig. 8d) . In principle, we report, based on our FE-SEM images, that longleaf pine cone-like SrWO 4 microcrystals are originated by the aggregation of several pitch pine cone-like microcrystals (Fig. 8e) . The formation and growth of these microcrystals are in agreement with the morphological aspects of other tungstates published in the literature [63] .
UV-Vis diffuse reflectance spectroscopy analyses
The optical band gap energy (E gap ) values were calculated by the Kubelka-Munk equation [64] , which is based on the transformation of diffuse reflectance measurements to estimate E gap values with good accuracy [65] . Particularly, it is used in limited cases of infinitely thick samples. The Kubelka-Munk equation for any wavelength is described by 
where F(R ? ) is the Kubelka-Munk function or absolute reflectance of the sample. In our case, magnesium oxide (MgO) was adopted as standard sample in reflectance measurements; R ? = R sample /R MgO (R ? is the reflectance), K is the molar absorption coefficient, and S is the scattering coefficient. In a parabolic band structure, the optical band gap and absorption coefficient of semiconductor oxides [66] can be calculated by the following equation:
where a is the linear absorption coefficient of the material, hm is the photon energy, C 1 is a proportionality constant, E gap is the optical band gap, and n is a constant associated with different types of electronic transitions (n = 1/2 for direct allowed, n = 2 for indirect allowed, n = 1.5 for direct forbidden, and n = 3 for indirect forbidden). According to the theoretical calculations reported in the literature [67] , scheelite (ABO 4 ) crystals exhibit an optical absorption spectrum governed by direct electronic transitions. In this phenomenon, after the electronic absorption, the electrons located in minimum energy states in the conduction band (CB) are able to go back to maximum energy states of the valence band (VB) in the same points in the Brillouin zone [68] . Based on this information, E gap values of our SrWO 4 microcrystals were calculated using n = 1/2 in Eq. 11. Finally, using the diffuse reflectance function described in Eq. 10 with K = 2a, we obtain the modified Kubelka-Munk equation as indicated in Eq. (12):
Therefore, finding the F(R ? ) value from Eq. (12) Figure 9a-c shows UV-Vis spectra of SrWO 4 microcrystals co-precipitated at room temperature with different strontium precursors.
In this figure, there is slight changes in E gap values according to the type of strontium precursor employed in the synthesis of SrWO 4 microcrystals. The exponential optical absorption edge and E gap are controlled by the degree of structural order-disorder in the lattice [69] . Therefore, the lowest E gap (4.84 eV) was detected for SrWO 4 (Fig. 9b, c) . These results suggest a lower concentration of structural defects in these microcrystals in relation to those obtained with SrNO 3 precursor. It is important to highlight that the types as well as the contribution single or joint of these energy levels within the band gap in these microcrystals can be achieved only by means of theoretical calculations. PL emission analyses Figure 10 illustrates PL spectra recorded at room temperature of SrWO 4 microcrystals co-precipitated at room temperature with different strontium precursors. These PL spectra present a broad band covering a large part of visible electromagnetic spectra (from 380 to 600 nm), indicating a contribution of several energy states within the band gap. These states are related to the numerous types of defects directly associated to the degree of structural order-disorder in the lattice. Topological disorder is a type of disorder associated with glassy and amorphous solid structures, in which the structure cannot be defined in terms of a periodic lattice. According to the literature [70] [71] [72] , the blue-green PL emissions of SrWO 4 are caused by the surface and structural defects, particle 
In Eqs. (13-16), the cluster-to-cluster charge transfer (CCCT) in a crystal containing more than one type of cluster is characterized by excitations involving electronic transitions from one cluster to another cluster. During the excitation process at room temperature, the electrons situated at lower intermediary energy levels (O 2p orbitals) absorb the photon energies (hm) (350 nm & 3.54 eV). As consequence of this phenomenon, the energetic electrons are promoted to higher intermediary energy levels (W 5d orbitals) located near the CB. When the electrons fall back to lower energy states, the energies arising from these electronic transitions are converted in photons (hm 0 ). In this case, the several photons (hm 0 ) originated by the participation of different energy states during the electronic transitions are responsible for the broad PL spectra. In addition, PL profiles of SrWO 4 microcrystals exhibit different emissions intensities, depending on the type of (Fig. 10) . Moreover, insets in Fig. 10 illustrate different O-W-O bond angles (a and b), suggesting that the tetrahedral [WO 4 ] clusters are distorted in the lattice. These bond angles were estimated using the lattice parameters and atomic positions obtained from Rietveld refinements as input data in the crystal and molecular structure visualization software [42] . These distortions are key factors for the origin of intermediary energy states within the forbidden region, influencing in the PL response of SrWO 4 microcrystals.
Conclusion
In summary, SrWO 4 microcrystals were synthesize by the co-precipitation method at room temperature with different strontium precursors [SrNO 3 , SrCl 2 Á6H 2 O, and Sr(CH 3-CO 2 ) 2 ]. XRD patterns and Rietveld refinements revealed the SrWO 4 microcrystals have a scheelite-type tetragonal structure with a good degree of crystallinity (ordered at long range), in which the [WO 4 ] clusters are slightly distorted in the lattice. Independent of the type of strontium precursor, FT-Raman spectra showed the SrWO 4 microcrystals have well-defined vibrational bands, suggesting a structurally ordered matrix at short range. FT-IR spectra detected the IR-active modes of typical anti-symmetric stretching vibrations of tetrahedral [WO 4 
